tures for mobile systems is typically a task undertaken with each new application.
These architectures address differaleMSonar ent operational needs and tend to be difficult to adapt to more than the problem at hand. The development of a flexible RF Link COlolStation and extendible control system with evo--o e lutionary growth potential for use on Inon t/RLk mobile robots will help alleviate these problems, and, if made widely available, m,-will promote standardization and compatibility among systems throughout the Q Near Proximiy industry.
The Modular Robotic Architecture (MRA) is a generic control system that meets the above needs by proHighLeM Fluxgaeompass viding developers with a standard set of P ---Ur K md Rao Gyro software aAd hardware tools that can be odule used to design modular robots (MODBOTs) Cofton Avoidance with nearly unlimited growth potential.
sonar M The MODBOT itself is a generic creature that must be customized by the developer for a particular application.
The MRA Base facilitates customization of the MODBOT -by providing sensor, actuator, and processing modules that can be configured in almost any manner as demanded by the application.
The Mobile Security Robot (MOSER) is an instance of a MOD-BOT that is being developed using the Figure 1 . Remote platform module configuration of MRA.
INTRODUCTION
(electrical/mechanical) and software interfaces to allow development of difRobotics work being dove today can be ferent capabilities by various working divided into two categories: mobile and groups, the products of which can then stationary systems.
The development of be easily integrated to create or extend a a suitable processing and control archimodular robotic system. tecture for mobile systems is a task which historically has been indepen-
The first MODBOT to be developed under dently undertaken for individual the MRA will be the Mobile Security robotics projects, each having a differRobot (MOSER). MOSER (figure 1) adent intended application.
Results are dresses the need for physical security often unsuccessful due to insufficient within the confines of a structure such awareness of the issues and alternatives, as an office building or a warehouse. or have a tendency to rapidly become MOSER will be an autonomous, modular, outdated.
Furthermore, the majority of mobile robot responsible for detecting efforts have produced application-speintruders and responding to the assessed cific, non-modular architectures that threat. MOSER is an attempt at duplicatare difficult to apply to future projects.
ing several of the sensor and processing The development of a flexible, powerful, components found on ROBART II (Everett and widely available "core" high-level and Gilbreath, 1989) with several imcontrol system with expansion capability provements in the area of distributed for use on a wide range of mobile robot processing such as system networking, applications will greatly alleviate these modularity (module design), and dyproblems, while fostering an atmosnamic system configuration. phere of standardization and compatibility among systems throughout the industry.
2. THE MODULAR ROBOTIC ARCHITEWTURE A standardized, modular control system will also reduce the costs associated with
The Modular Robotic Architecture (MRA) development of customized architectures describes both the hardware and softby providing the framework around ware components that are used to create which to build those architectures; only a Modular Robot (MODBOT). the configuration of the pieces would have to be done each time, not the re-design of the entire system. In addition, a 2.1 Overview standardized architecture will promote software/hardware re-usability in that Conceptually, the MODBOT is similar to identical modules and components will the IBM PC with its expansion slots; be used in several places, reducing both adding a module to a MODBOT is like development time and cost. adding a peripheral card to a PC. One simply plugs a card into an available The Modular Robotic Architecture (MRA) slot, installs the supplied software is a generic architecture that provides drivers, and immediately incorporates developers with a standard set of hardthe new capabilities of the card into his ware and software tools that can be used system. Adding modules and capabilities to design modular robots with a high deto a MODBOT will be as simple, making gree of flexibility and extensibility.
The the integration of new, smarter, better, MRA is designed to support the developfaster modules very easy. It is the ability ment of modular robots and modular of the MODBOT to accept modules of incontrol systems (in the general case); it creasing complexity that provides the emphasizes standard hardware MRA with its evolutionaIry growth po- of each PDN and can be modified so that a parallel protocol can optionally be inmodule may be supplied with an approterrupt driven, and the serial link is priate amount of power. The MRA specistandard RS-232 with eight user sefies limits on power consumption for lectable baud rates between 300 baud and each module so that a power budget for 38.4K baud. the entire platform is achieved.
2-2-2 Intelligent Communications Node
The primary function of the Intelligent Communications Node (ICN) is inter- 
Module Processing Unit
The global communications channel is The Module Processing Unit (MPU) is reconfigured to transfer data using the sponsible for carrying out the intended CSMA/CD protocol at a data rate of 921.6 function of the module. The MPU pro-KBPS (data rates of 1.8 MBPS are cessor can be selected by the user to give achievable).
Under the CSMA/CD the speed and processing power as reprotocol the microcontroller transmits quired by the module's intended applidata through DMA channels whenever cation.
The only restriction on this data is available and it determines that processor is that it be capable of comthe line is idle. After the municating with the ICN via one of the microcontroller has transmitted its local communications channel protocols information, it waits for an acknowledge previously described. from the receiving station (indicating a valid reception). If no acknowledge is In addition to maintaining transmission received, the transmitting ICN will with the ICN, the MPU is responsible for automatically re-transmit. This feature processing sensor information and aids in recovery from data collisions or sending commands to actuators. Once bus noise.
sensor information is processed it must be stored and passed on to any other The local communications channel promodule requesting that information. vides a means for the ICN to communi-
The application software will also per-form any high bandwidth servo control and the power distribution portion of the loops required by actuators.
MODBUS. The PPCU makes the MODBUS base-independent, and decouples the The function of an MPU can best be seen power system of the base from the rest of by looking in more detail at one of the MODBOT. MOSER's modules.
The Collision Avoidance Sonar Module of MOSER (figure 1) is a collection of twelve ultrasonic sonar sensors covering the front 180 degree view of the robot.
When the robot is The MRA software systems are organized commanded to move by another module as layers in an N,N-k architecture where (the High Level Processing Module, for one software subsystem may have views example) that module will send a com-(access) to multiple subsystems below it mand to the collision avoidance module in the hierarchy (figure 5). MODBOT telling it to monitor its sonar sensors and software application developers are able report back if there is an object %, ithin to use subsystems as desired and art not two feet of the robot. The collision avoidg to use any particular subsysance module then continually fires its tem. However, applications must provide sensors and calculates the distance to specific functionality that is established objects based on the time-of-flight of the by the MRA interface specifications and sonar "ping" and the air temperature.
is otherwise obtained through the use of The collision avoidance module will then these subsystems. A standard software report back to the processing module, "library" is provided with functions via the ICN, only when it finds an object available for inter-module communicain the path of the robot (within two tions, simple task control, and managefeet).
ment of local and system module function execution. Software developers need only supply a minimal set of device-spe-2.2.4 Platform Power Conditioning Unit cific software "drivers" to implement the entire MRA software architecture, i.e., The Platform Power Conditioning Unit the software subsystems are portable (PPCU) provides a means for supplying between hardware implementations with relatively clean power to the robot modonly few modifications necessary. ules via the MODBUS. The PPCU resides in the base of the MODBOT and must be Each robot module can be thought of as interfaced to the power system available an object that responds to a variety of on the application-specific platform. commands represented by the object's The PPCU first protects and conditions methods and whose internal state is the power supplied by the base v. Ah cirmaintained by instance variables. Robot cuit breakers and surge suppressors, and modules are of the class Module and posthen converts the power to the one 24 sess certain capabilities common to all volt and two 12 volt supplies required by objects of that class. Modules also inherit the modules. The three supplies are isothe capabilities of their superclass lated from each other to avoid grounding (Object). Through classification and problems. The only requirement the other properties of object-oriented pro-PPCU places upon the platform is that it gramming, robot modules are given (by be capable of providing +24V DC at definition) common functionality. sufficient amperage.
The software subsystems of the MRA diIn addition to its power conditioning rectly support object-oriented design function, the PPCU provides a standard and implementation of distributed, interface between the robot platform highly modular control systems for use on mobile (and non-mobile) robots. An communications network configured as object-oriented approach promotes both a bus with deterministic access to a re-usable software components and maximum of 255 modules (slots). There is modularity at several levels. Additional no central or master communications capabilities can easily be added to a modcontroller. Each node has equal access to ule simply by adding new methods to the the network and is responsible for manobject's class, aging its own resources.
The ICN software system is composed of the following five functional units:
2) Global Comms Interface. The Global Communications Subsystem software is a subset of the MPU software implements a standard set of functions with the exception of the Global Commuon the target LAN hardware. These nications Subsystem which is unique to functions are used by higher-level softthe ICN.) Figure 6 is a block diagram of ware to access the LAN. The subsystem is the MRA software subsystems as implebroken down into the Global Communimented on the MPU. Currently, the communications conThe Local Communications Device Hantroller is a simple message buffer bedler is responsible for low-level data extween the MPU and the MODBOT LAN. change between the MPU and the ICN.
Future plans include adding the message Functions at this level deal directly with recognition and response capabilities of the target hardware and are device-spethe Message Manager to the ICN for more cific, so their implementation will sophisticated control. This would make change as the hardware changes. The the ICN software nearly identical to that device handler functions are distributed of the MPU. between both the MPU and ICN, providing the communications link between the two systems.
MPU Software System
The device handler logically decouples The MPU software system is responsible the higher-level functions provided by for execution of both local and system the Local Communications Interface methods (functions) as directed by the from the specific hardware implemenapplication module. The MPU provides tation. Changing serial communications the User Application with standard incontrollers, for example, requires only terfaces to the message passing, function that certain portions of the physical inexecution, and logical device control terface be modified in order to maintain facilities of the MRA. consistency and compatibility at higher levels.
The MPU software system is divided into two distinct components: the MRA MPU The Local Communications Interface is standard software services, and the MPU an abstraction of the lower-level funcapplication program which is the main tions and represents the user interface routine supplied by the developer. A to the inter-processor (local) communidefault controller is supplied by the MRA cations port. Functions at this level are (for simple applications) that replaces completely hardware independent, and the main program.
The MPU software system is composed of
The System Method Manager coordinates the following six functional units: activation of and response to system methods. A method queue is maintained 1) Local Comms Device Handler.
by the System Method Manager for ex-2) Local Comms Interface.
ternal commands or data requests that 3) Local Method Manager. require a response. Upon receipt of the 4) System Method Manager. required information, the method queue 5) Logical Device Interface.
is searched according to message address 6) Application Controller. and sequence number, and the external reference is resolved with the response The Message Manager, Logical Device (result) being passed back to the calling Subsystem, and the Application function (method). The queue allows the Controller are unique to the MPU. The application program to activate several Local Communications Subsystem is methods sequentially and then coordicommon to both the MPU and ICN, and nates receipt of responses, allowing the was described previously in section main program to continue execution 2.3.1.2.
until it is ready to process the incoming data. Services are available to the application program for examining the status 2.3.2.1 Message Manager of queued method activations.
The Message Manager is responsible for Initialization of the Message Manager translating and executing incoming includes resolving system method admessages, and for generating messages dress references. A phone book is mainin response to external and internal retained that contains the names of all exquests. The Message Manager is also reternally referenced modules. Upon startsponsible for external message address up, each module whose name appears in resolution which relies on the ability to the phone book is searched for on the automatically determine the status of a MODBOT network. If found, the module's module on the MODBOT network.
address is entered and subsequent references to that module can be resolved. Functions that describe the behavior of a If the module can't be located, then sysmodule are called local methods and are tem methods referencing that module referred to as "internal". The functions will fail. available to all modules are called system methods and are referred to as "external". A dictionary contains com-2.3.2.2 Logical Device Subsystem piled versions of the local methods that are executed upon receipt of the approThe Logical Device Subsystem consists of priate message. A library holds refera Logical Device Interface and an associences to all of the system methods that ated blackboard data structure. The an MPU needs for its application, blackboard is used as a global module data storage and retrieval mechanism. The Local Method Manager coordinates and provides a convenient and consisreceipt of incoming messages and their tent means of maintaining local variinterpretation. Messages that request ables (Aviles, Laird, and Myers, 1988 application of the MRA. The mobile security robot is made up of two physically For specialized modules such as highseparate subsystems. First to be exlevel path planning or distributed task plained is the control station followed by controllers, the user must supply the the remote platform (figure 1). Though main application program (i.e., the User functions of a mobile security robot are Application). In this case, the applicanumerous (Everett, 1988), a typical scetion program is responsible for initialnario might include a guard positioned izing the MPU subsystems and for manat the control station who would instruct aging the MPU software resources as reone or more robots to patrol specific arquired (see sections 2.2.3 and 3.2.2).
eas and to alert him/her when an intruder is detected. The purpose of the control station is to and implements the physical, data link, provide various ways for an operator to presentation, and application layers. The receive sensor information from the message format used at the presentation MODBOT, to process that information, and and application levels is based upon the to give commands as to future actions to Robotic Vehicle Message Format (RVMF) be taken. developed by TACOM (Brendle, 1990) . The
Inter-Module Message

*q
The control station is viewed conceptuunit on-board the base uses these cornally as a MODBOT nodule whose main mands to control the drive system. processing unit is located remotely from its associated module on the remote platThe base is also responsible for supplyform. The telemetry link connects the ing power to MOSER's modules via the control station processor to the remote PPCU and MODBUS. The 24 volt battery platform portion of the control station.
supply is input to the PPCU which then The hardware architecture does not distributes the conditioned power to the specify the actual processor requirerest of the bus. ments for the control station nor any part of the control station hardware except that it be capable of supporting the 3.2.2 Remote Platform Modules MRA standard software systems previously described.
Each robot module .;nables the robot to obtain and process different information For our application, the control station's about its surroundings. Once processed, main processing unit is a Macintosh IIx the information is used for purposes computer which communicates with the such as collision avoidance, navigation, MODBOT via the RS-232 port. The main and intrusion detection. In addition to control station program (written in use on-board the robot, pertinent infor-THINK C) running on the Macintosh will mation is sent back to the control station allow the operator to receive and send via the communications link. The Colliinformation to the robot. This program sion Avoidance Sonar Module and the will also allow the operator to activate or Mobility Module have been previously deactivate specific robot modules and to described. Other modules shown in figturn on or off a MODBOT's video display ure I are described below. by use of a pop-up window on the Macintosh monitor. The operator will be caThe High Level Processing Module, pable of communicating with the comhousing a WinSystems, Inc. AT286 computer via the standard keyboard and puter mounted in a card cage, receives mouse, or via speech and joystick inputs, higher level commands from the control station, for example "patrol the third wing of building 1". This module then 3.2 The Remote Platform uses its internal room and building map information, as well as information from The remote platform for MOSER is made other modules, to navigate to its new paup of a detachable base with accompatrol location. The Near-Infrared Proxnying power source and various sensor, imity Sensor Module is another means of actuator, and processing modules.
determining if objects are in close proximity to the robot. This ring contains eleven sensors in its front 180 de-3.2.1 Mobile Base grees, each one having a range of approximately 3 feet. The Near-Infrared The mobile base for MOSER is currently a Module can also be used as a substitute modified version of the TRC Labmate.
for the Collision Avoidance Module. The The Labmate is a stand alone, battery Intrusion Detection Module, yet to be powered base which has RS-232 interconstructed, will include heat, light, and face capabilities to talk to the mobility motion detecting sensors whose informodule (not shown). The mobility modmation will be fused together to deterule issues high level commands to the mine the probability of an intruder. base such as "go forward 10 meters" or When the probability is above a prede-"turn left 90 degrees".
The processing fined threshold, the operator at the
